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Abstract.
The Recently the function of the NMDA receptor and possibly the toxicity that results from activation of the receptor has been linked to nitric oxide (NO) production. 30,31 Nitric oxide is now thought to be a neurotransmitter in the CNS that is closely linked with the iGluR activation (Fig 1) . In the next section, the characteristics of nitric oxide synthase and the roles of NO in the central nervous system will be discussed. revealed that the NOS was not exclusively found in neurons, but rather glia stained as well as non-neural cells in the pancreas, lung, kidney, uterus and stomach.38 However, selective staining was still found in neuronal tissues, and it was often found that cells staining for NOS had adjacent areas which stained heavily for guanylyl cyclase. While no NOS was detected in glia in the above studies, it now appears that there are a family of enzymes and it is possible that there are other NO generating proteins that were not detected by the above methods. Under various conditions astrocytes show both consti tutive and inducible NOS activity.39 A polyclonal anti serum against NOS different from the above studies showed staining that included Bergmann glia and astro cytes although at a lower level.38 Indirect evidence comes from the finding that glutamate, norepinephrine and calcium ionophores cause an elevation of cGMPin cere bral astrocytes that is reversed by NOS inhibitors.40 Furthermore, NOS activity can be induced in microglia, the CNS analog to macrophages, by lipopolysaccharide4l and in cortical astrocytes in culture.42,43 Primary cultures of forebrain astrocytes release NO as measured with chemiluminescence after stimulation with bradykinin, quisqualate, norepinephrine or the calcium ionophore A23187, which is blocked by hemoglobin or arginine analogs.44 The most potent activator of rapid NO syn thesis in astrocytes is norepinephrine and quisqualate40,44 which contrast with NMDA for neurons.
When NO synthase was measured in primary cultures of astrocytes from the cerebellum, no activity was found as measured by the conversion of [3H]arginine to [3H]citrulline.45 Activity was demonstrated in cerebellar granule cells, however, when astrocyte cultures were placed upside down over granule cells so that they were in close proximity, NO generated by the neurons stimu lated elevations in cGMP induced by NMDA which was blocked by NOS inhibitors. NOS is not found in the Purkinje cells of the cerebellum or many pyramidal cells of the hippocampus, although there is a subset of pyramidal cells which stain for NOS38: The presence of NOS in these cells is a necessity if NO is to be linked with long-term potentiation (LTP) and long-term depression (LTD) that occurs in these cells. However, it is possible that other cells in close proximity supply the necessary NO. Another possibility is that there are isozymes of NOS that are not detected by the immuno histochemical staining. Consistent with this possibility are large concentrations of a particulate NOS that has recently been found in the cerebellum.46 Nitric oxide synthase is colocalized with NADPH diaphorase in all regions of the brain and in every tissue in the body with the exception of the adrenal cortex which stains for NADPH diaphorase but not for NOS. In some areas of the striatum, NOS is colocalized with somatostatin and neuropeptide y.47 
and NG -iminomethyl-L-ornithine (L-NIO).48,49 Interestingly, 7-nitroindazole which is not a guanidino-substituted L-arginine analogue also inhibits NOS.50 Inducible NOS is much less sensitive to L-NAME than is the constitutive enzyme.51 As with the case of the NO generating agents, the arginine analogs are not entirely selective for inhibiting NOS . L-NMMA and L-NIO inhibit the transport of L-arginine whereas L-NAME does not.52 On the other hand , L-NAME and other alkyl esters of arginine have muscarinic receptor antagonist properties.53 The lack of specificity of the arginine analogs is often ignored in many experimental For many years sydnonimines, sodium nitroprusside, various nitrates such as nitroglycerin (glyceryl trinitrate) and nitrite such as amyl nitrite have been used as vaso dilators and anti-angional agents. The muscle relaxing properties of these agents were thought by some to depend on the formation of nitric oxide.60 A decade later, NO was shown to be synonymous with endothelium derived relaxing factor.61,62 It is possible that at least some of the effects of the NO generating agents are mediated by S-nitrosocysteine.63 A sydnonimine, 3-morpholinosydnonimine (SIN-1), produces both NO and superoxide anion in its spontaneous degradation which combines to form peroxynitrite.64 Some nitric oxide generating compound such as molsidomin require initial degradation by hepatic enzymes to SIN-1.
Sodium nitroprusside and S-nitroso-N-acetylpenicil lamine generate NO spontaneously while neither nitro glycerin nor amyl nitrite is spontaneously decomposed in aqueous solutions to NO. Rather, in the absence of light nitroglycerin interacts with thiol groups to form an intermediate nitrosonium ion (S-NO+). This is the likely reason that nitroglycerin is neuroprotective while SIN-1 is neurotoxic:64 The production of an NO+ equivalent (RS-NO) by nitroglycerin provides protection by serving as oxidizing agents while the generation of peroxynitrite by SIN-1 has toxic effect. In fact, when neurons are co-incubated with nitroglycerin plus a re ducing agent such as cysteine, nitroglycerin which spon taneously release NO+ becomes neurotoxic as is the case with SIN-1 because nitrosonium could be reduced by reducing agent into nitric oxide then reacts with super oxide to produce peroxynitrite.
Triggers of nitric oxide synthesis
Triggers for NO generation in CNS were first shown to be glutamate which resulted in the stimulation of cerebellar granule cells to produce NO.65-68 The con centration of NO which has a short half life can be measured indirectly by cGMP elevation or nitrite accumulation. The elevation of cGMP was blocked by NMDA antagonists, and in fact, NMDA receptor acti vation has been the glutamate receptor best associated with NO generation. In immature cerebellar slices, only the activation of the NMDA receptor is associated with the synthesis of NO.69 However, in mature cerebellar slices, both quisqualate and AMPA receptor activation result in the formation of NO, again as measured by cGMP elevations and similarly inhibited by hemoglobin and arginine analogues.66-68,70 The release of nitric oxide in response to NMDA is Ca2+-dependent.65 Since the action of guanylyl cyclase by sodium nitroprusside is Ca 2+-independent, it seems likely that Ca2+ is necessary for NO synthesis as opposed to the synthesis of cGMP as was previously thought. When the glutamate-induced cGMP elevation was discovered, this effect was presumed a nonspecific consequence of depolarization-induced influx of Ca2+ into the stimulated neuron, and a sub sequent activation of guanylyl cyclase by this ion. Thus, the key step in the production of NO is probably the influx of CA2+ 71 and increased [Ca2+] Nitric oxide regulates pripheral vascular blood flow and is synonymous with enothelial-derived relaxing factor. Nitric oxide production in various regions of the brain might effect local vascular responses in a similar manner as seen in the periphery such that blood flow is controlled in a need-dependent fashion. Nitric oxide synthase inhibi tors block the increase in blood flow in the somatosensory cortex that occurs normally upon stimulation of periph eral nerves. 79 The following discussion will examine more closely the effects of NO as a neurotransmitter in the CNS, particularly the role of NO in long-term poten tiation/long-term depression and explore the toxic effect of NO.
Long-term potentiation and long-term depression NO has been proposed as an intercellular transsynaptic messenger in models of synaptic plasticity such as LTP and LTD, two processes that have been linked with memory formation.80,81 Long-term potentiation occurs in the hippocampus after a neuron or group of neurons receive several simultaneous signals. Changes occur so that when the neuron is stimulated at a later time, a greater response occurs, and it is clear that the NMDA receptor with subsequent elevations of [Ca2+]i are involved. But it is unclear whether the potentiation is due to an increase in the sensitivity of the receiving neuron (postsynaptic receptor) or to an increase in the amount of neurotransmitter released by the sending neuron (presynapse). Evidence exists that NO acts as a retrograde transmitter to change the sending neuron and thus affect the amount of transmitter that is released 82-86 and NO stimulates Ca 2+ -independent synaptic vesicle release.87 Nitric oxide synthase inhibitors block LTP in tissue slice experiments while NO generating agents such as sodium nitroprusside mimics LTP. Furthermore, the effects can be blocked by hemoglobin which is impermeable to the cell thus implicating an effect of NO that extends beyond the generating cell. NOS inhibitors show similar results with the inhibitors able to block the ability of rats to learn spatial tasks. 88, 89 On the other hand, there is also evidence that NO is on the NMDA receptor (Fig 2) Nitric oxide synthase inhibitors or superoxide dismu tase (SOD) either provides partial protection against cerebral ischemia in rats that have had their middle cerebral arteries occluded or markedly potentiates the toxicity depending on whether the inhibitor are given before or after the occluding insult.103,104 The pre treatment of animals with NOS inhibitors augments the injury while the post-treatment reduces the infarct size.
Some NO generating agents have been shown to be toxic to cultures of cortical neurons while others are neuroprotective. The toxicity of compounds such as SIN 1 are prevented by simultaneously incubating cultures with superoxide dismutase indicating that these compounds further combined with O-2 to form ONOO -(poroxynitrite) that is apparently the lethal product.64 On the other hand, NO+ (nitrosonium) generating agents such as nitroglycerin which do not form peroxy nitrite but serve as neuroprotective agents probably through the downregulation (oxidation) of the NMDA receptor. 105 It is possible that other radicals besides NO contribute to some of the toxicity that results from activation of glutamate receptors. For example, several mutations in superoxide dismutase are associated with the autosomal dominant inheritance of familial amyotrophic lateral schlerosis,106 a neurodegenerative disorder that has been linked with excessive glutamate excitation. In primary cultures of cerebellar granule cells, stimulation of the NMDA receptor results in the release of superoxide radical as assessed with electron paramagnetic resonance studies. 107 The superoxide radicals came from the release of arachidonic acid and could be prevented by a phos pholipase A, inhibitor. Neither stimulation with kainate or membrane depolarization with KCl produced similar superoxide radicals, and the production of superoxide was not dependent on the NO. Superoxide radicals were dependent on the presence of calcium in the extracellular fluid and could be blocked with MK-801.107 On the other hand, others have shown that kainate-induced toxicity in cerebellar granule cells can be prevented by inhibitors of xanthine oxidase, a cellular source of superoxide,108 however NMDA-induced neuronal death was not blocked by superoxide dismutase and xanthine oxidase-induced neuronal death was not potentiated by SIN-1 .109 This indicates that peroxinitrite is not more toxic than super oxide radical in cerebellar granule cells. Nevertheless, there is a possible pathologic link of SOD with NO . Superoxide ion reacts with NO three times faster than it does with the SOD to form peroxynitrite (ONOO-) , and peroxynitrite reacts with tyrosine residues on SOD. 
